PURPOSE: This study investigated the role of the sacral nerves in the mechanism of defecation using adult mongrel dogs. The possibility of designing a colonic pacemaker as a new therapeutic device to treat defecation disturbances, such as fecal incontinence and severe constipation, is also discussed. METHODS: Colorectal motility during spontaneous defecation was monitored with force strain-gauge transducers implanted in the proximal, distal, and sigmoid colon, rectum, and internal anal sphincter. Under general anesthesia, the sacral nerve was stimulated electrically, and the colorectal motility response was examined. RESULTS: During spontaneous defecation, three characteristic motility patterns were observed: 1) giant migrating contractions of the colon were propagated to the rectum or anus; 2) the rectum relaxed before the giant migrating contractions were propagated; and 3) the internal anal sphincter was relaxed during the propagation of the giant migrating contraction. Sacral nerve stimulation elicited the following three unique responses: 1) contractile movements were propagated from the distal colon to the rectum; 2) a relaxation response was noted in the rectum; and 3) the internal anal sphincter exhibited a relaxation response. The duration and propagation velocity of the contractile responses and the duration of relaxation responses elicited by electrical stimulation of the sacral nerve were similar to those that occurred during spontaneous defecation, but their amplitudes were smaller. CONCLUSION: The coordinated processes of the colon and anorectum during defecation were affected by the sacral nerves. This suggests that it is possible to design a colonic pacemaker to control lower colonic and rectal movements. [Kitajima M. Colorectal motility induction by sacral nerve electrostimulation in a canine model: implications for colonic pacing. Dis Colon Rectum 2003;46:809-817.
S ince the nineteenth century, it has been reported that intestinal motility is closely related to the central nervous system. For higher forms of life, it is extremely important for their survival and social acceptability that they are able to defecate at the appropriate time and place. 1 Early in the twentieth century, Cannon 2 and Holtzknecht 3 made radiographic observations and described mass movements of the colonic contents toward the anus. These studies were followed by scintigraphic investigations, which elucidated excretion not only of the rectal contents but also of the colonic contents during defecation. 4 These findings indicated that defecation is not a phenomenon limited to the rectum and anus but is a synchronized movement involving the colon, rectum, and anal canal.
Meanwhile, Langley and Anderson 5-8 conducted detailed pioneering studies on colonic control from the sacral and pelvic nerves, which provided anatomic proof that the right colon is under the control of the vagal parasympathetic nervous system and the sacral parasympathetic nervous system is distributed in the left colon. The functional importance of the sacral nervous system in defecation has also been recognized. [9] [10] [11] It has been demonstrated clinically that those patients with damage to the sacral nerve, such as spinal cord injuries, sacral anomalies, and myelomeningocele involving the spinal cord, also have defecation disturbances. [12] [13] [14] [15] [16] The canine colon closely anatomically resembles that of humans. Canine food habits and social activities, as well as fecal properties, are also comparable to ours. 17 Therefore, adult mongrel dogs were used in the present study.
METHODS
The motility of the colon and anorectum was observed during spontaneous defecation, and the results were compared against the responses of these organs when the sacral nerves were stimulated electrically. The subjects of the study were eight adult mongrel dogs (5 females), each weighing approximately 10 kg. The study was conducted with the approval of the Committee on Experimental Animals of the Keio University Medical School (approval No. 990164). The experimental animals were cared for at the Experimental Animal Center of the same school in accordance with the ethical requirements of the center.
Observation of Spontaneous Defecation

Implantation of Force Strain-Gauge Transducers and Recording of Gastrointestinal Motility.
Under anesthesia by intravenous administration of pentobarbital sodium (Nembutal ® , Dainippon Pharmaceutical Co., Ltd., Tokyo, Japan; 25 mg/kg), a median abdominal incision was made and five force strain-gauge transducers (8 mm ϫ 13 mm; F-12IS, Star Medical Inc. Tokyo, Japan) were sutured to the colon and internal anal sphincter. The colonic force strain-gauge transducers (SGs) were sutured along the transverse axis to the seromuscular layer at the following sites: SG1 was sutured on the proximal colon, 10 cm on the anal side from the cecum; SG2 on the distal colon, 20 cm on the oral side from the site of the peritoneal reflection at the entry of the caudal mesenteric artery; SG3 on the sigmoid colon, 10 cm on the oral side from the site of the peritoneal reflex; and SG4 on the rectum, at the site of peritoneal reflection. For implantation in the anal canal, the anal mucosa was incised, and SG5 was sutured directly to the internal anal sphincter along the transverse axis ( Fig. 1 ). The wires from each SG were pulled through subcutaneously to the back of the neck and connected to a small radio transmitter. The electrical signals from each SG were transmitted from the transmitter on each dog to a receiver, then via an analog-to-digital converter, which consisted of a telemetry system dedicated to monitoring gastrointestinal functions (GTS-800 ® Star Medical Inc., Tokyo, Japan), to a personal computer for analysis and storage. By adopting this method, it was possible to Figure 1 . Method of suturing force strain-gauge transducers (SG) to the colon, rectum, and anus; the sites of implantation of the force strain-gauge transducers; and the method for recording signals from each site. AD ϭ analog-to-digital.
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HIRABAYASHI ET AL Dis Colon Rectum, June 2003 record gastrointestinal motility during spontaneous defecation without restraints ( Fig. 1 ). The motility of the colon and anorectum during spontaneous defecation was observed in four dogs starting three weeks after surgery. Solid feed (500 kcal; DS-5 ® Oriental Yeast Co., Ltd., Tokyo, Japan) was given once per day. The animals had free access to drinking water. They were released outside their cages before noon so that spontaneous defecation might be augmented by activities such as walking.
Analysis of Intestinal Motility. The movements at each intestinal site were recorded and analyzed on the computer with software for the analysis of gastrointestinal motility (8Star ® , Star Medical Inc., Tokyo, Japan). The timing of defecation and the time for expulsion were recorded as closely as possible. Defecation started when the animal squatted and ended when it got up after defecation. Expulsion was when the feces were evacuated from the anus. Any migrating contraction recorded during defecation with a peak amplitude of approximately three times the mean peak of the colonic motor complex amplitude was defined as a giant migrating contraction (GMC) of the colon. 18, 19 The motility patterns for the colon, rectum, and internal anal sphincter at defecation were also observed. The duration, maximum amplitudes of contraction and relaxation, and propagation velocity of the contractile force, which is the speed in the shift of the contractile peak, were determined and analyzed statistically to compute the mean Ϯ standard error.
Electric Stimulation of the Sacral Nerves
Sacral Nerve Stimulation. Sacral nerve stimulation was conducted in four dogs immediately after implantation and in two dogs after observation of spontaneous defecation for three weeks. Under anesthesia by intravenous injection of pentobarbital sodium (25 mg/ kg,), laminectomy was performed between the seventh lumbar vertebra and the third sacral vertebra to expose the sacral nerves. A hooked-type bipolar tungsten electrode (IMM2-5020 ® , Inter Medical Co., Ltd., Nagoya, Japan) was brought into contact with the sacral nerves, the periphery of which was electrically insulated by filling with liquid paraffin. Each of the sacral nerves (S1, S2, and S3 bilaterally) were stimulated. An electrical stimulator (SEN7203 ® , Nihon Kohden Corporation, Tokyo, Japan) and an isolator (SS403-J ® , Nihon Kohden Corporation) were used to apply rectangular waves. The conditions for stimula-tion were electric current intensity, 0.5 mA; duration, 0.5 msec; frequency; 10 Hz; and duration for train, 10 seconds. Stimuli were applied at five-minute intervals after each intestinal movement was stabilized. Stimulation was given three times for each nerve (Fig. 2) .
Analysis of Intestinal Responses to Stimulation. The intestinal responses to stimuli were recorded and analyzed with the same devices that were used to observe spontaneous defecation. The responses of each intestinal site to the stimuli-duration, amplitude, and propagation velocity of contraction; duration and amplitude of relaxation; and the response time between the start of stimulation and the start of a responsewere determined and compared statistically against the data for spontaneous defecation. To examine the data, the Mann-Whitney U test was used, with the significance level set at P Ͻ 0.05. The responses from each intestinal site to neural stimulation were examined comparatively with the Kruskal-Wallis test with the significance level set at P Ͻ 0.05, and P and H were used for the two-tailed probability and the statistic for the Kruskal-Wallis test.
RESULTS
Motility Patterns for the Colon, Rectum, and Anal Canal at Spontaneous Defecation
Twenty-six incidences of spontaneous defecation were observed in four dogs. When released from the cages in the morning, most animals defecated within several minutes. Feeling the urge, the dogs sniffed the floor and squatted to defecate for the first time. Some strained and expelled a small amount of feces several times thereafter. While they appeared to feel an urge to defecate, a gradual relaxation occurred at SG4 and the distal propagation of a GMC that developed at the colon. When GMCs reached SG4, evacuation was completed. At SG4 and SG5, rapid relaxation occurred before these GMCs (Fig. 3) . Later, small amounts of feces were expelled simultaneously with one or two GMCs.
GMCs During Spontaneous Defecation. GMCs were detected on 24 occasions of defecation in the four dogs. The GMC was initiated from SG1 in 1 episode and from SG2 in 23 episodes ( Table 1 ). The timing for defecation was 175 Ϯ 24.1 seconds, during which GMCs were observed 2.4 Ϯ 0.4 times. On each defecating occasion, 88 percent of the first GMCs propagated as far as the rectum, and all of these were accompanied by successful expulsion. Of the 15 sec-ond GMCs, 12 (80 percent) were propagated to the rectum, and 9 (75 percent) were associated with expulsion. Among the third GMCs (n ϭ 8), 43 percent reached the rectum, and 11 percent were associated with expulsion. The amplitude and duration of the first GMCs at each site were larger and longer than those of the second GMCs ( Table 1 ). The propagation velocity of the first GMC was 0.9 Ϯ 0.1 cm/second for SG2-SG3 (n ϭ 23) and 1.8 Ϯ 0.7 cm/second for SG3-SG4 (n ϭ 21). For the second GMC, it was 1.1 Ϯ 0.3 cm/second for SG2-SG3 (n ϭ 15) and 1.8 Ϯ 0.4 cm/second for SG3-SG4 (n ϭ 12). For the third GMC, it was 2.4 Ϯ 1.3 cm/second for SG2-SG3 (n ϭ 7) and 3.9 Ϯ 3 cm/second for SG3-SG4 (n ϭ 3).
Relaxation Movement of the Rectum and the Internal Anal Sphincter During Spontaneous Defecation. Before the giant contractions, a relaxation was noted at SG4 (24 of 24 GMCs). In almost all episodes of defecation, a slow relaxation followed by a rapid relaxation was recorded in SG4 (20 of 24) in advance of the GMC (Table 2) . A rapid relaxation without a prior slow relaxation usually preceded the second GMC (10 of 15) and third GMC (1 of 9). During these processes, SG5 in the anal canal remained relaxed (Fig. 3 ).
Electric Stimulation of the Sacral Nerves
The first, second, and third nerves on both sides were stimulated individually in six dogs. Three response patterns emerged from the electric stimulation of the sacral nerves, conducted 108 times ( Fig. 4) : 1) the contractile response of the colon that was propagated toward SG4 and the relaxing response from SG5 were recognized 20 times; 2) contraction without propagation and a relaxing response from SG4 and SG5 were observed 11 times; and 3) the contraction that was propagated toward SG4 and the relaxation from SG4 and SG5 that preceded the aforementioned contraction were observed 22 times ( Fig. 5 ). Of 53 contractile responses, 42 were propagated toward the anus. Of these 42 propagating contractions, 21 originated at SG2, 6 were caused by stimulation of the first sacral nerve, 8 were caused by stimulation of the second sacral nerve, and 7 were caused by stimulation of the third sacral nerve. Eight, 8, and 5 of the remaining 21 propagating contractile responses that originated at SG3 were caused by stimulation of the first, second, and third sacral nerves, respectively.
The response time of contraction was 0.7 Ϯ 0.1 seconds at SG2 (n ϭ 21). The propagation velocity of the contractile responses was 4.5 Ϯ 0.5 cm/second (SG2-SG3, n ϭ 21) and 2.6 Ϯ 0.4 cm/second (SG3-SG4, n ϭ 42).
The duration of contraction at each site was approximately half of the first GMC in spontaneous defecation and similar to the second GMC (SG2, P ϭ 0.11; SG3, P ϭ 0.32; SG4, P ϭ 0.61). The amplitude of contraction at each site was smaller than the first and second GMCs in spontaneous defecation ( Table 1 ).
The response time of relaxation was 1.3 Ϯ 0.3 seconds at SG4. The duration of relaxation at SG4 was close to a rapid relaxation response in spontaneous Figure 3 . The motility patterns of each intestinal part during spontaneous defecation. The three unique motility patterns observed were as follows: 1) giant contractions that were propagated from SG2 to SG4; 2) a relaxation movement at SG4 that preceded the giant contraction; and 3) relaxation at SG5. g ϭ gram weight; SG ϭ force strain-gauge transducer. defecation (P ϭ 0.96), but its amplitude was smaller (P ϭ 0.02; Table 2 ). The responses at each intestinal site elicited by stimulation of individual nerves showed no significant differences, except the contractile amplitude at SG3, which was elicited by stimulation of the right and left second sacral nerves (H ϭ 19.49).
DISCUSSION
Colonic and rectoanal movements at defecation have been studied separately. This is the first experiment to observe the response of the colon and anorectum to sacral nerve electric stimulation. Observations of colonic movements in dogs by use of a straingauge transducer indicated large contractile waves that originated at the colon and propagated toward the anus at defecation. These were called giant migrating contractions. 18 Similar peristaltic waves, highamplitude propagating contractions, have been noted in pressure studies in the human colon. 20 Gower 21 was the first to report the inhibitory response of the internal anal sphincter that was elicited by the rectum, which was later named the rectoanal inhibitory reflex by DeGroat and Krier. 22 Observations in the present study indicated that during spontaneous defecation, a series of movement patterns developed through cooperative motility of the colon, rectum, and internal anal sphincter. 23 Such an organized gastrointestinal movement, like the migrating motor complex of the small intestine, is programmed by the enteric nervous system. However, this system is not completely independent; it controls smooth muscle activity while under the control of the central nervous system via efferent and afferent nerves, such as the sympathetic, parasympathetic, and sensory nervous systems. 24 Studies on humans, dogs, and rats have indicated that the distal colon, rectum, and internal anal sphincter are abundantly innervated by extrinsic nerves from the sacral and pelvic nervous systems. [25] [26] [27] [28] Fukai and Fukuda 25, 26 proved anatomically and physiologically the presence of a sacral nerve in the dog that enters the rectum through the pelvic plexus and ascends orally along the colonic wall. It is also known that the internal anal sphincter relaxes when the sacral nerves are stimulated electrically, and it is generally accepted that part of these sacral nerves descends from the rectum to the internal anal sphincter. [29] [30] [31] [32] Studies on acute nerve stimulation and chronic neurectomy experiments proved that the sacral parasympathetic nervous system participates in colonic movements. 33, 34 In the present experiment, responses resembling the motility patterns of the colon, rectum, and internal anal sphincter at spontaneous defecation were reproduced by stimulation of the sacral nerves. These findings suggested the possibility that the defecation movement program under the control of the colonic enteric nervous system is activated through the sacral nerves. The duration of the second GMC during spontaneous defecation was smaller and the propagation velocity was faster than that of the first GMC. Although the duration of both contraction and relaxation induced by nervous stimulation resembled that associated with spontaneous defecation, the amplitudes were smaller. These findings suggest that the anesthesia at stimulation and the amount of the enteric contents had some influence on these values. The slow relaxation observed during spontaneous defecation is absent in the response elicited by nervous stimulation, and it is thought to be a receptive relaxation.
It was recently proved on the basis of anatomic studies that Barrington's nucleus, which acts as a bridge between the central nervous system and the spinal nerves, controls the urination apparatus. It also controls the lower colon via the sacral parasympathetic nervous system. 35 In particular, it is believed that the nucleus acts as a center to synchronize the functions of the forebrain and sacral parasympathetic nervous system. It was concluded from the present study that the sacral parasympathetic nervous system constitutes an important circuit that connects the central and colonic enteric nervous systems.
The Brindley stimulator, which applies electric stimuli to the sacral nerves, has been used to treat urination disorders in patients with spinal cord injuries. 36, 37 It was reported recently that this device is also effective in ameliorating defecation disorders of spinal cord-damaged patients, 38 although it is associated with some adverse effects, such as autonomic dysreflexia, spasticity, and sacral segment pain. 36, 37 The intradural nerve stimulation conducted in the present study simultaneously stimulates the pudendal nerve and causes contraction of the external anal sphincter and other pelvic muscles. For effective stimulation to elicit defecation responses, it is necessary to stimulate the sacral parasympathetic nerves at the periphery of the sacral plexus ( Fig. 3 ).
In the present study, an acute experiment was conducted in which electric stimulation was applied directly to the sacral nerves, instead of implanting a stimulator, as would be done in clinical practice. Despite this difference, actual defecatory responses occurred in several animals, which strongly suggests that it may be feasible to design a defecatory pacemaker. 
